Abstract -AC losses are numerically evaluated for a Bi-2223 tape-shaped wire in combined alternating transport current and external AC magnetic field with a phase shift. It is considered that the external field is applied only parallel to the wide surface of tape. Since the multifilamentary wire without twisting is assumed, a solenoidal coil is simplified as a homogeneous superconducting sheet with infinitely wide surfaces. The electromagnetic quantities are numerically calculated by solving Maxwell's equations and the voltage-current characteristics represented by the power law simultaneously. The calculations of AC losses are carried out as a function of both amplitudes of transport current and external magnetic field. The obtained results are plotted on a master curve for the maximum magnetic field applied to the wire.
I. INTRODUCTION
I n order to realize the superconducting power machines and apparatuses such as power transformers [1] , underground transmission cables [2] , generators [3] and so on, it is important to reduce the AC losses of superconducting wires below an allowable level. We have proposed a new simple and multipurpose electromagnetic method for AC loss measurements of superconducting wires under various types of electromagnetic configuration [4] , [5] . In the proposed method, the sample wire is wound as a double-layer non-inductive coil, and a pair of potential taps is attached to both terminals of the coil. In observing the terminal voltage, the double-layer sample coil plays the role of a pickup coil to measure the AC losses. Other pickup coils are also prepared to observe an external AC magnetic field and/or an alternating transport current. By detecting the signals from these pickup coils, the AC losses can be evaluated under various types of electromagnetic environments.
Up to now, it has been confirmed that the transverse-field and transport-current losses of NbTi multifilamentary wires can be exactly evaluated by the proposed method in comparison with the results of a calorimetric method and/or a pickup-coil method [4] . The AC losses have been also evaluated for a Bi-2223 Ag-sheathed multifilamentary tape with an alternating transport current in an in-phase external magnetic field [5] . The observed results agreed well with those by a numerical calculation on the basis of the n-value model for voltage-current characteristics of the sample wire [5] .
In the present study, in order to extend the proposed method for more general electromagnetic configuration, the AC losses of superconducting wires are theoretically and numerically calculated under the combined condition of external magnetic field and transport current with a phase shift.
II. THEORETICAL EVALUATION
Let us consider the AC loss in the double-layer non-inductive coil of superconducting wire with the alternating transport current I t in the external AC magnetic field H e as shown in Fig.  1(a) . The phase shift α between them is also taken into account as ,
where H m and I m are the amplitudes of external field and transport current, and f is the frequency. When the sample wire is closely wound, the double-layer coil can be approximated by two hollow cylinders facing each other. Fig. 1(b) schematically shows the distribution of magnetic induction inside the layers of a monofilamentary wire during a decreasing half cycle of inphase external field and transport current for the sake of simplicity. The following consideration ought to be also available to the case of multifilamentary wires. If the wire thickness is sufficiently small compared with the coil diameter, the distribution of magnetic induction is symmetric about the center of two layers. In this case, the AC loss W 0 per unit volume per a cycle generated inside the sample wire can be described by the expression [5] ,
where v s and n s are the total volume and turn number per unit length of sample coil, T is the period of cyclic field, V 1 the inner potential difference along the sample wire, and Since the inner potential difference V 1 cannot be directly observed, the following relation has to be used on the basis of Faraday's law [5] .
shown in Fig. 1(a) , of a Bi-2223 Ag-sheathed multifilamentary wire in the form of a tape are numerically evaluated for the simultaneous application of external magnetic field and transport current with the phase shift. When the filaments in the wire are not twisted, the double-layer coil can be regarded as two superconducting slabs of d in thickness in the x-direction. If the cross-sectional area of slabs is equal to that of the filament bundle regions in the wires with a periodical arrangement, the thickness d is given by d = λ b A n s . Here λ b is the volume fraction of filament bundle region in the superconducting wire, and A the cross-sectional area of wire. When the external magnetic field H e and the transport current I t represented by (1) are applied in the z-and y-direction, respectively, either superconducting slab can be focused on because the magnetic flux distribution becomes symmetric about the center of two slabs. In this situation, the electromagnetic quantities in the slab satisfy one-dimensional Maxwell's equations Here V s is the terminal voltage of sample coil, µ 0 the permeability of vacuum, and S 0 the effective area between a pair of windings. As seen in (3), the inner potential difference V 1 can be obtained by subtracting the inductive component from the terminal voltage of sample coil. When the inductive component due to only the external field is compensated, (3) becomes
where V c and S c are the terminal voltage and effective crosssectional area of compensation coil, and k is the adjustable parameter near S 0 / S c . By using (2) and (4), the following expression for an observable AC loss W can be obtained.
Here W err is given by .
The second term of right-hand side in (5) represents the undesirable error in the AC loss measurement, and it may be negligible in the case of k ≈ k * or α ≈ mπ, where m is the arbitrary integer. The numerical estimation of W 0 and W err is carried out in the next section.
III. NUMERICAL EVALUATION

A. Basic Equations
The AC losses in the double-layer non-inductive winding, as 
where B is the local magnetic induction in the z-direction, E and J are the local electric field and current density in the ydirection, respectively. In (7), the term of displacement current is ignored as usual. Furthermore, the following E-J characteristics of superconducting wire is assumed.
(8)
Here ρ c is the resistivity criterion of critical current for the crosssectional area of superconductor, J c the critical current density in the superconductor, λ the volume fraction of superconductor in the filament bundle region of wire, and n the n-value. It is also assumed that the average critical current density λ J c of slab is expressed by λ J c = I c (B) / λ b A with the field dependence of critical current I c of wire.
The distribution of B, J and E in the superconducting slab is numerically calculated by means of the finite difference method with (7) and (8). At that time, the following boundary condi- 
B. Parameters for Numerical Calculation
The Bi-2223 Ag-sheathed tape as shown in Table I is assumed as a superconducting wire for the AC loss evaluation in this paper. These data are based on those of an actual wire [5] . The critical current I c0 in the self field is 17.5 A, and the field dependence of critical current is expressed as I c (B) = 1.46 / (|B| + 0.0804). The n-value is, on the other hand, independent of local magnetic field. The amplitude of transport current is fixed at 0.4 I c0 or 0.6 I c0 . The frequency of external field and transport current is set at 60 Hz, and the phase difference between them is varied from −π to π rad. of external AC magnetic field. Fig. 2 (a) and (b) represent the results for the current amplitude of 0.4 I c0 and 0.6 I c0 , respectively. As seen in Fig. 2 , the enlargement of phase shift decreases the AC losses in the middle range of field amplitude. In the larger or smaller amplitude, on the other hand, the AC losses scarcely depend on the phase difference. This can be qualitatively understood by the effect of interaction between the external and self fields. The solid line in Fig. 2 shows the calculated result of parallel-field losses, which are the AC losses of tape with no transport current in the external magnetic field applied parallel to the wide surface of it. It is found from Fig. 2 that the AC losses in the combined case are larger than those in the parallel field except for the case near the antiphase in the middle range of field amplitude. The AC losses in Fig. 2 were replotted for the maximum magnetic field H x applied to the wire, which is defined as H x = max(H m , H 1m ), where H 1m is the amplitude of H 1 . The results are given in Fig. 3 . One can see in this figure that all the AC losses are concentrated on a master curve for the maximum field, and that they almost agree with the parallel-field losses represented by the solid line. Fig. 4 shows the dependence of AC losses normalized by the parallel-field losses W t for different maximum fields on the phase difference between the external field and the transport current. As seen in Fig. 4 , the AC loss properties are almost symmetric with respect to α = 0. This feature is also observed for the analytical evaluation of AC losses under the assumption of Bean-London model [6] . Furthermore, it can be found in Fig. 4 that a discrepancy is less than about 30 % between the AC losses in the combined case and the parallelfield losses. The lines in Fig. 4 represent the error factors W err calculated with (6) . In this case, it is assumed from [5] that S 0 = 2.5 × 10 −4 (m 2 ) and v s = 3.8 × 10 −6 (m 3 ). Although the error factors W err are comparable with the generated AC losses W 0 , the error component represented by the second term of right-hand side in (5) can be neglected in the AC loss measurements because the canceling ratios are usually adjusted to k ≈ k * .
C. Calculated Results
IV. CONCLUSION
The applicability of the simple and multipurpose electromagnetic method were discussed for the AC loss measurements of superconducting wires under the combined conditions of alternating transport current and external AC magnetic field whose phase angles are not in agreement with each other. On the basis of the numerical model using Maxwell's equations and the voltage-current characteristics with the power law, the calculations of AC losses were carried out for the Bi-2223 Ag-sheathed multifilamentary tape without twisting. As a result of comparison between the theoretical and numerical evaluations of AC losses, it was concluded that the simple and multipurpose method can be applied to the case of simultaneous action with the phase shift for the present HTS wire. A further investigation may be needed for future superconducting wires with very low AC loss.
